Introduction {#Sec1}
============

The genus *Henipavirus* in the family *Paramyxoviridae* is presently represented by three known virus isolate species Hendra virus (HeV), Nipah virus (NiV) and CedPV (CedPV) and are enveloped, single-stranded negative-sense RNA viruses (Wang et al. [@CR183]; Marsh et al. [@CR107]). HeV and NiV are bat-borne disease-causing zoonoses while CedPV also resides in the same bat species as does HeV in nature. Studies have shown that CedPV is not pathogenic in animals susceptible to HeV and NiV disease, nor is it known to be zoonotic. To date, bats appear to be predominant natural reservoir hosts for henipaviruses (Clayton et al. [@CR44]) and recently, by nucleic acid based detection surveys, there has been a significant species expansion of the *Henipavirus* ranks including at least two full genome sequences, and also a report of one henipavirus from a rodent, but to date HeV, NiV, and CedPV are the only virus isolates that have been reported (Wu et al. [@CR200]; Drexler et al. [@CR52]).

Central pathological features of both HeV and NiV infection in humans and several susceptible animal species is a severe systemic and often fatal neurologic and/or respiratory disease (Abdullah and Tan [@CR2]; Wong and Ong [@CR195]; Playford et al. [@CR144]). Of additional concern in people, both viruses, but particularly NiV, can also manifest as relapsing encephalitis following recovery from an acute infection resulting from a recrudescence of virus replication in the central nervous system (CNS) (Wong and Tan [@CR198]; Wong et al. [@CR196]). Spillovers of HeV have continued to occur in Australia since its identification, as does NiV in Bangladesh and India, since its recognition in Malaysia, which continue to make these henipaviruses an important transboundary biological threat (Broder et al. [@CR29]). NiV in particular possesses several features that highlight a pandemic potential, such as its ability to infect humans directly from natural reservoirs or indirectly from other susceptible animals along with a capacity of limited human-to-human transmission (Luby [@CR100]). Several henipavirus animal challenge models have been developed which has aided in understanding how HeV and NiV invade the central nervous system (Geisbert et al. [@CR63]; de Wit et al. [@CR47]), and successful active and passive immunization strategies against henipaviruses have been reported which target the viral envelope glycoproteins (Middleton et al. [@CR115]; Broder [@CR27]; Broder et al. [@CR28]).

Emergence of Henipaviruses {#Sec2}
==========================

A new paramyxovirus was isolated and identified in 1994 in an outbreak of fatal cases of respiratory disease in horses and humans in the Brisbane suburb of Hendra, Australia, and was shown to be distantly related to measles virus and other morbilliviruses (Murray et al. [@CR125]). Thirteen horses and their trainer succumbed to the infection by this previously unknown virus, along with the non-fatal infection of seven other horses and a stable hand. In an unrelated and only retrospectively identified spillover of this same virus near Mackay in central Queensland, \~1000 km north of Brisbane, a farmer experienced a brief aseptic meningitic illness after caring for and assisting at the necropsies of two horses that were only later shown to have died from this virus infection (Hooper et al. [@CR84]; Rogers et al. [@CR160]). Thirteen months later this individual suffered severe fatal encephalitis resulting from that initial virus infection characterized by uncontrolled focal and generalized epileptic activity (O'Sullivan et al. [@CR130]). The virus was provisionally termed equine morbillivirus but was later re-named HeV where the initial recognized outbreak had occurred. To date, HeV has since reemerged in Eastern Australia on 55 occasions with more than 97 horse deaths, 2 HeV antibody positive euthanized dogs, and 4 of 7 human case fatalities (Broder et al. [@CR29]; Anonymous [@CR5], [@CR6], [@CR7], [@CR8], [@CR9]). Although HeV infection was detected in two dogs in recent years, the extent of HeV transmission from bats to dogs in Australia is unknown, and all recognized HeV spillovers and all cases of confirmed human infections, the horse has served as an intermediate host between the virus-shedding bat reservoir and humans. The epidemiological features and potential mechanisms at play of HeV emergence and continued spillovers have been examined (Plowright et al. [@CR146]) and reviewed elsewhere (Field et al. [@CR58], [@CR56]).

NiV emerged just a few years later following the initial recognition of HeV. A large outbreak of encephalitis among pig farmers in Peninsular Malaysia began in 1998 and continued into the next year (Chua et al. [@CR40]). This outbreak was initially attributed to Japanese encephalitis virus because it occurred among people in close contact with pigs. However, several features distinguished this outbreak from Japanese encephalitis such as patients were primarily adults not children, along with household clustering of cases being noted, and many of those afflicted had previously been vaccinated against Japanese encephalitis (Chua et al. [@CR40]). A syncytia-forming virus in Vero E6 cell culture was obtained from the cerebrospinal fluid (CSF) of two patients which cross-reacted with antibodies against HeV and several patients had IgM antibodies in their CSF that were reactive against HeV (Chua et al. [@CR40]). Later molecular genetic studies confirmed the close relationship of this new paramyxovirus, termed NiV, to HeV (Chua et al. [@CR39]). There were at least 265 cases of human infection with 105 fatalities in Malaysia along with an additional 11 cases and 1 fatality among abattoir workers in Singapore (Chua et al. [@CR39]; Paton et al. [@CR140]). The chronology of the events and the epidemiological features of this outbreak, including potential causes and the factors that exacerbated this outbreak, as well as the pathological observations made in both animals and humans have been critically reviewed and recently examined elsewhere (Wong and Tan [@CR198]; Wong and Ong [@CR195]; Chua [@CR38]; Pulliam et al. [@CR151]). NiV has not reappeared in Malaysia, however nearly annual outbreaks of NiV infection have now been recognized since 2001, occurring primarily in Bangladesh but also India. The most recent cases of human infections occurred in early 2015 with two fatalities (Anonymous [@CR11]). The spillovers of NiV in Bangladesh and India have had lower numbers of human infections; however the fatality rates have been notably higher from 75 to 100 %. In addition, direct transmission of NiV from bats to humans from the consumption of contaminated date palm sap along with significant human-to-human transmission has now been documented (Rahman et al. [@CR153]; Homaira et al. [@CR81], [@CR82]; Luby et al. [@CR103]). The epidemiological details of the spillovers of both HeV and NiV into people since their emergence and recognition have recently been reviewed and summarized in detail (Luby and Gurley [@CR102]; Luby and Broder [@CR101]). There have been \~613 human cases of NiV infection with 315 fatalities (reviewed in Luby et al. [@CR103]; Broder [@CR27]; Anonymous [@CR10], [@CR11]). Both HeV and NiV are highly pathogenic in a number of mammalian species and possess several characteristics that distinguish them from all other known paramyxoviruses and are classified as Biosafety Level-4 (BSL-4) agents.

Finally, although not associated with a zoonotic event, the third recognized henipavirus species as a virus isolate was recently identified (Marsh et al. [@CR107]). Urine sample collecting for PCR and virus isolation experiments were being carried out as part of field studies on HeV genetic diversity and infection dynamics in flying-fox populations in Queensland, Australia. From these studies a syncytia-inducing virus was identified in *Pteropus* bat kidney cell culture isolated from samples collected in September 2009 from a flying-fox colony in Cedar Grove, South East Queensland (Marsh et al. [@CR107]). Molecular analysis indicated that this virus was a new paramyxovirus most closely related to HeV and NiV and the virus was named CedPV after the location of the bat colony sampled. Animal challenge studies with CedPV in guinea pigs and ferrets which are susceptible to infection and disease with HeV and NiV, revealed that while CedPV replication occurred and induced neutralizing antibodies, no clinical disease was apparent (Marsh et al. [@CR107]).

Reservoir Discovery and Diversity {#Sec3}
=================================

Soon after the discovery and isolation of HeV, a state-wide serologic survey of 2411 horses reported no evidence of infection and only horses involved in the initial Brisbane outbreak were positive (Ward et al. [@CR187]). This was followed by a large serological survey conducted across eastern Queensland, Australia in an effort to identify the potential natural host(s) of the virus, and 5264 sera samples across 46 species, mostly wildlife, were screened and no evidence of HeV neutralizing antibody was found (Young et al. [@CR207]). However, the additional screening of potential animal reservoirs that overlapped the two initial but distant HeV spillover events led to the testing of the four fruit bat species (flying foxes) native to mainland Australia, and here serological evidence was found in all four species of *Pteropus* fruit bats (Young et al. [@CR207]). HeV was later isolated from the gray-headed flying fox ( *Pteropus poliocephalus*) and the black flying fox (*P. alecto*) (Halpin et al. [@CR73]).

Following the first appearance of NiV in Peninsular Malaysia, a serological surveillance study on samples from 324 bats across 14 species revealed the presence of NiV neutralizing antibodies in Island flying-foxes (*P. hypomelanus*) and Malayan flying foxes (*P. vampyrus*) (Yob et al. [@CR205]). A follow-up study focusing on virus isolation by collecting pooled urine samples from Island flying foxes, as well as partially eaten fruit, reported the isolation of NiV (Chua et al. [@CR41]). NiV has since been isolated from the urine of *P. lylei* in Cambodia (Reynes et al. [@CR157]). Serological assays as a means of detection of the presence of NiV and/or HeV in nature, from wildlife, domestic animals and human populations, is more readily achievable as compared to either virus isolation or nucleic acid detection (McNabb et al. [@CR113]). A number of serological surveys have been carried out over the past several years to screen for the presence of henipaviruses in bats, domestic livestock and people. The preponderance of data indicates that the *Pteropus* bat species appear to be the major natural reservoir hosts for henipaviruses (Sendow et al. [@CR165]; Yadav et al. [@CR204]; Wacharapluesadee et al. [@CR179]; Epstein et al. [@CR55]; Iehle et al. [@CR87]) and all bat isolates of HeV, NiV and also CedPV have been derived from *Pteropus* bats (Halpin et al. [@CR73]; Chua et al. [@CR41]; Reynes et al. [@CR157]; Rahman et al. [@CR154]; Marsh et al. [@CR107]) (see also Chap. 26). Further, as natural hosts, a lack of any observed overt disease in wild bats is also in agreement with a lack of elicited clinical signs in experimentally infected pteropid bats (Middleton et al. [@CR116]; Williamson et al. [@CR190], [@CR191]; Halpin et al. [@CR72]). *Pteropus* bat species are distributed as far west as Madagascar, through the Indian subcontinent to Southeastern Asia and Australia, and eastwards through Oceania (Clayton et al. [@CR44]; Breed et al. [@CR26]; Field et al. [@CR57]).

However, there is evidence of henipaviruses in wide variety of other bat species in both Megachiroptera and Microchiroptera suborders (Hayman et al. [@CR79]; Peel et al. [@CR141], [@CR142]; Hasebe et al. [@CR78]; Wacharapluesadee et al. [@CR180]; Li et al. [@CR97]; Drexler et al. [@CR51], [@CR52]). Most recently, a novel henipa-like virus, Mojiang paramyxovirus (MojV), was identified in rats (*Rattus flavipectus*) in China by nucleic acid analysis, with a genome length of 18,404 nt; however no virus isolate was obtained (Wu et al. [@CR200]). Also, serological and/or nucleic acid evidence of henipaviruses in domestic livestock and in human populations have been reported providing evidence of sporadic henipavirus spillover events and also suggesting the existence of less pathogenic-related henipavirus. These findings included henipavirus presence in domestic pigs in Ghana, West Africa; cattle, goats, and pigs in Bangladesh; horse and humans in the Philippines, and human populations in Cameroon, Africa (Ching et al. [@CR33]; Pernet et al. [@CR143]; Chowdhury et al. [@CR37]; Hayman et al. [@CR80]). Only the incident in the Philippines was associated with a disease outbreak with evidence of horse-to-human and human-to-human transmission with NiV as the likely cause (Ching et al. [@CR33]).

Genomic sequence analysis revealed that HeV isolates obtained from horses and a fatal human case in 1994 were essentially identical and both were highly similar to genomic sequences later obtained from *P. poliocephalus* and *P. alecto* 2 years after the initial outbreak (Halpin et al. [@CR73]; Murray et al. [@CR126]). Also, sequence analysis of five HeV isolates obtained from horses in Australia; Murwillumbah, in New South Wales (2006), and Peachester (2007), Clifton Beach (2007), Redlands (2008), and Proserpine (2008) all in Queensland, revealed identical genome lengths of 18,234 nt and sequence variation across the full genomes was \<1 % (Marsh et al. [@CR109]). Similarly, in the initial Malaysian outbreak of NiV, both pig and human isolates were genetically similar to those obtained some years later from Island flying-foxes (*P. hypomelanus*) (AbuBakar et al. [@CR3]; Chan et al. [@CR32]; Chua et al. [@CR41]; Harcourt et al. [@CR76]). However, a greater diversity among NiV isolates is seen when comparisons are made between the Malaysian isolates to the more recent NiV isolates from other areas of Southeast Asia.

The first NiV isolate from outside of Malaysia came from Bangladesh (Harcourt et al. [@CR75]). Characterization of the genome of NiV-Bangladesh revealed a length of 18,252 nt, 6 nt longer than the prototype NiV-Malaysian isolate, with a genome homology between them of 91.8 % (Harcourt et al. [@CR75]). Also, in that study, four NiV-Bangladesh isolates were examined showing a 99.1 % nt homology with interstrain nucleotide heterogeneity suggesting multiple spillovers of NiV-Bangladesh into people from varying bat sources. A third lineage of NiV was isolated from Lyle's flying fox (*P. lylei*) in Cambodia and nucleocapsid (N) gene sequence analysis revealed this isolate to be more closely related to NiV-Malaysia than to NiV-Bangladesh (Reynes et al. [@CR157]; Wacharapluesadee et al. [@CR179]) whereas an analysis of nucleic acid sequences of NiV derived from human sources from an outbreak in Siliguri, India in 2001 revealed an isolate similar to NiV-Bangladesh (Chadha et al. [@CR31]) and a full NiV genome amplified from patient lung tissue from an outbreak in 2007 in West Bengal, India showed 99.2 % nt with the NiV-Bangladesh isolate from 2004 (Arankalle et al. [@CR12]). More recently, partial genome sequence analysis of NiV derived from an Indian flying fox (*P. giganteus*) obtained from Myanaguri, West Bengal, India, revealed an N gene with 100.0 % homology with NiV sequences from those prior outbreaks in India and with NiV-Bangladesh sequences, and a 96.0 % identity with NiV isolates from Cambodia and Malaysia (Yadav et al. [@CR204]). In addition to the demonstration of at least three distinct virus isolate lineages of NiV; Malaysia, Bangladesh and Cambodia (Wang et al. [@CR183]), other nucleic acid based studies have significantly expanded the genus Henipavirus (Drexler et al. [@CR52]). Nineteen newly identified virus species classified into the genus Henipavirus have been identified, along with one full genome sequence, 18,530 nt, (GH-M74a) from a bat spleen (*Eidolon helvum*) from Ghana confirmed classification in the genus Henipavirus (Drexler et al. [@CR52]).

CedPV is the third recognized species of henipavirus as a virus isolate (Marsh et al. [@CR107]). CedPV was isolated from pooled urine samples from a colony of predominantly *P. alecto* also with some *P. poliocephalus*. The CedPV genome is 18,162 nt and its organization was shown to be similar to that of HeV and NiV. Also, some antigenic cross-reactivity of the CedPV N protein was noted with that of NiV and HeV; and CedPV was shown to utilized ephrin-B2 as entry receptor (discussed in the next section).

Henipavirus Biology {#Sec4}
-------------------

### Virion, Genome Organization, and Proteins {#Sec5}

Henipavirus particles are enveloped and pleomorphic, with a size ranging from 40 to 1900 nm and can vary from spherical to filamentous forms when imaged by electron microscopy (Hyatt et al. [@CR86]; Goldsmith et al. [@CR68]; Murray et al. [@CR126]). The viral envelope carries surface projections composed of the viral transmembrane-anchored fusion (F) and attachment (G) glycoproteins (Fig. [1](#Fig1){ref-type="fig"}). Henipavirus genomes are unsegmented, single-stranded, negative-sense RNA (Wang et al. [@CR183]). At the time of their discovery, the genomes of NiV and HeV were the largest amongst all members of the *Paramyxoviridae* family, a factor considered in their classification into their own genus, *Henipavirus* (Wang et al. [@CR185]). This increase in genome length is primarily attributable to additional nucleotides in 3′ untranslated regions of each transcription unit except the large/polymerase (L) gene (Wang et al. [@CR185], [@CR184]; Harcourt et al. [@CR76]). As with all characterized members of the subfamily *Paramyxovirinae*, the HeV, NiV and CedPV genomes and are divisible by six, conforming to the "rule of six" which relates to the way each N protein molecule interacts with every six nucleotides (Lamb and Parks [@CR94]; Wang et al. [@CR183]). The RNA genome in association with the N protein is also referred to as the ribonucleoprotein core that has a characteristic herringbone appearance by electron microscopy (Wang et al. [@CR183]) and is contained within a lipid bilayer (envelope) that is derived from the infected host cell during virus assembly and budding (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Structural and genomic organization of henipaviruses. (**a**) Structural organization of the pleomorphic henipavirus virion. The virus particle is formed by the structural elements (M, F, G) and the non-structural elements of the ribonucleoprotein complex (RNP) composed of viral genome, N, P, and L. (**b**) Diagram of the henipavirus negative-sense RNA genome. The genetic features are shown, proportionally, including 3′- and 5′-untranslated regions, intragenic regions, and the ORFs encoding the nucleocapsid, N; phosphoprotein, P; matrix, M; fusion glycoprotein, F; attachment glycoprotein, G; and RNA-dependent RNA polymerase, L proteins. (**c**) Negatively stained HeV virions, bar, 200 nm. Image courtesy of the AAHL Biosecurity Microscopy Facility, Australian Animal Health Laboratory (AAHL) Livestock Industries CSIRO, Australia

The relative gene order is conserved as compared to other paramyxoviruses, with the N gene being first, followed by the P (phosphoprotein), M (matrix), F, G and L genes in a 3′ to 5′ order (Fig. [1](#Fig1){ref-type="fig"}). Gene transcription occurs in a gradient manner because of a failure of the RNA polymerase to reinitiate transcription at downstream genes and those genes located towards the 3′ end are transcribed more abundantly than genes towards the 5′ (Lamb and Parks [@CR94]). The N, P, and L proteins form a complex that is responsible for replication of viral RNA; polymerase activity resides within the L protein (Lamb and Parks [@CR94]). In addition to the full-length unedited P gene product, the *Henipavirus* P gene (the largest among the paramyxoviruses) also encodes the V and W proteins which are produced through a transcriptional editing mechanism involving addition of nontemplated G nucleotides, as well as the C protein, which is encoded by an alternative start site within the P gene (Lamb and Parks [@CR94]).

Products of the P gene can antagonize both double-stranded (ds) RNA signaling and interferon (IFN) signaling (reviewed in Shaw [@CR166]; Basler [@CR13]). The V protein functions in anti-IFN induction or dsRNA signaling, similar to that of other paramyxoviruses, by targeting the helicase encoded by the melanoma differentiation-associated gene 5 (MDA5). Whereas the NiV W protein could also inhibit dsRNA signaling but does so by nuclear translocation, targeting interferon regulatory factor 3 (IRF-3) and effectively blocking both dsRNA signaling via MDA5 and through the cell surface expressed toll-like receptor 3 (TLR-3) signaling pathway. Henipaviruses also target the paracrine signal transduction pathway that is initiated by the binding of type I IFN to the two cell surface interferon alpha and beta receptors, IFNAR1 and IFNAR2 which assemble into a functional receptor complex leading to the activation of signal transducers and activators of transcription (STAT) factors where they later direct the expression of genes possessing an interferon stimulated response element (ISRE) within the nuclease (reviewed in de Weerd et al. [@CR46]). The henipavirus V, W and P proteins block the type I IFN signaling pathway with the NiV V and P proteins forming high-molecular weight complexes in the cytoplasm with STAT1, and the NiV W protein targeting STAT1 within the nuclease (reviewed in detail (Shaw [@CR166]; Basler [@CR13])). In contrast, major difference between NiV and HeV with CedPV was noted in that the P gene lacks both RNA editing and also the coding capacity for the V protein which may be a factor that limited its observed in vitro pathogenesis (Marsh et al. [@CR107]). The diverse ways that NiV and HeV can antagonize the host interferon responses are believed to be important factors that influence their pathogenic potential.

The henipavirus M protein, which underlies the viral membrane (Fig. [1](#Fig1){ref-type="fig"}), plays a key role in organization of viral proteins during the process of virion assembly and budding from the host cell, and the NiV M protein possesses the ability to bud from expressing cells independent of any other viral proteins forming virus-like particles (Ciancanelli and Basler [@CR43]; Patch et al. [@CR138]). Sequence motifs with the M protein have been identified that may act as trafficking signals to facilitate the budding process (Patch et al. [@CR139]; Ciancanelli and Basler [@CR43]; Harrison et al. [@CR77]). Finally, the G and F envelope glycoproteins are located on the surface of the virion, appearing as spikes projecting from the envelope membrane of the viral particle (Fig. [1](#Fig1){ref-type="fig"}) and are essential for the binding and entry steps of the virus into permissive host cells (reviewed in Bossart et al. [@CR18]; Steffen et al. [@CR172]). The henipavirus G glycoprotein is a homo-tetramer and responsible for attachment of the virion to entry receptors on the host cell and the F glycoprotein is a homotrimer responsible for facilitating the fusion of the viral membrane with that of the host cell (reviewed in Steffen et al. [@CR172]). Additional details of the henipavirus envelope glycoproteins will be discussed below with regard to cellular tropism and as the targets of antiviral strategies.

### Host Range, Cellular Tropism, and Virus Entry {#Sec6}

The exceptionally broad species tropism of henipaviruses, as represented by NiV and HeV, distinguishes them from all other known paramyxoviruses (Wang et al. [@CR183]). In addition to their principle natural hosts, pteropid bats, NiV is known to have naturally infected pigs, horses, cats, dogs and humans, and experimental infections with disease in guinea pigs, cats, hamsters, ferrets, squirrel monkeys and African green monkeys have been demonstrated. In addition, NiV can also productively infect chicken embryos with severe pathology (Tanimura et al. [@CR176]). HeV in nature appears less transmissible and naturally acquired infections have been observed only in bats, horses, dogs and humans; however, experimentally, HeV can infect and cause disease in guinea pigs, cats, hamsters, ferrets, mice and African green monkeys (reviewed in Geisbert et al. [@CR63]) Taken together, henipavirus infections seven orders (six mammalian and one avian).

The henipavirus membrane anchored envelope glycoproteins (G and F) are the mediators of virus attachment and host cell infection and a major determinant of cellular tropism. The G glycoprotein is the henipavirus attachment glycoprotein and has neither hemagglutinating nor neuraminidase activities; activities associated with many other paramyxovirus attachment glycoproteins known as hemagglutinin--neuraminidase (HN) or the hemagglutinin (H) protein (Wang et al. [@CR183]; Lamb and Parks [@CR94]). The NiV and HeV G glycoprotein engage host cell membrane proteins as entry receptors and bind to ephrin-B2 and ephrin-B3 (Negrete et al. [@CR127], [@CR128]; Bonaparte et al. [@CR16]; Bishop et al. [@CR15]). The ephrin-B2 and -B3 molecules are members of a large family of cell surface expressed glycoprotein ligands that bind to Eph receptors, the largest subgroup of receptor tyrosine kinases (Drescher [@CR50]; Poliakov et al. [@CR147]). The Eph receptors and their ephrin ligands comprise an important group of bidirectional signaling molecules in a variety of cell--cell interactions including those of vascular endothelial cells and are modulators of cell remodeling events within the nervous, skeletal and vascular systems (Pasquale [@CR137]; Lackmann and Boyd [@CR93]). Ephrin-B2 expression is prominent in arteries, arterioles and capillaries in multiple organs and tissues (Gale et al. [@CR61]) while ephrin-B3 is found predominantly in the nervous system and the vasculature (reviewed in Poliakov et al. [@CR147]; Pasquale [@CR136]). The ephrin-B2 and -B3 molecules are highly sequence conserved across susceptible hosts including human, horse, pig, cat, dog, mouse and bat with amino acid identities of 95--96 % for ephrin-B2 and 95--98 % for ephrin-B3 (Bossart et al. [@CR20]). The identification of ephrin-B2 as a major receptor for NiV and HeV has aided in the understanding and clarification of both their broad species and tissue tropisms, as well as the resultant pathogenic processes that are seen in humans and animal hosts (reviewed in Hooper et al. [@CR83]; Wong and Ong [@CR195]).

Similar to most paramyxoviruses, the henipaviruses have two membrane-anchored glycoproteins that are required for virus entry. The henipavirus attachment glycoprotein (G) is a type II membrane protein with the amino (N)-terminus oriented towards the cytoplasm and the carboxy (C)-terminus extracellular (Bossart et al. [@CR18]). The G glycoprotein is comprised of a stem (or stalk) and a globular head domain which binds ephrin receptors. The native conformation of G is a tetramer, which is comprised of a dimer of dimers (Bossart et al. [@CR17]). The crystal structures of both NiV and HeV G globular head domains have been determined both alone and in complex with the ephrin-B2 and -B3 receptors, revealing the exact G-receptor interactions and identical receptor binding sites; with four binding pockets in G for the residues in the ephrin-B2 and -B3 G-H loop that are highly conserved (Bowden et al. [@CR23], [@CR24], [@CR25]; Xu et al. [@CR202], [@CR201]). The second protein is the fusion (F) glycoprotein that facilitates the fusion of the viral and host cell membranes. F is a type I membrane glycoprotein with an extracellular N-terminus and is a class I viral fusion protein sharing several conserved features with other viral fusion glycoproteins (Bossart et al. [@CR18]). F is initially expressed as a precursor (F~0~) which forms an oligomeric trimer that is cleaved into two disulfide bond-linked subunits (F~1~ and F~2~) by the endosomal protease cathepsin L (Pager and Dutch [@CR132]). Unique to the henipaviruses, the processing of F~0~ into its biologically active form is a multi-step process requiring recycling of F~0~ from the cell surface into an endosomal compartment, mediated by an endocytosis motif present in the cytoplasmic tail of F (Meulendyke et al. [@CR114]; Vogt et al. [@CR178]). After cleavage, the homotrimer of disulfide bond-linked F~1~ and F~2~ subunits is trafficked back to the cell surface. The F glycoprotein contains two α-helical heptad repeat domains that are involved in the formation of a trimer-of-hairpins structure which facilitates membrane merger and peptides corresponding to either heptad repeat domains can inhibit the fusion activity of F when present during the fusion process (reviewed in Bossart et al. [@CR18]).

The henipavirus G and F glycoproteins work cooperatively to mediate membrane fusion and particle entry into the host cell. Following virus attachment to a receptor-bearing host cell, the fusion-promoting activity of the G glycoprotein is initiated by engaging ephrin receptors and the G glycoprotein then facilitates the triggering of conformational changes in F, transitioning F conformation from a pre-fusion to post-fusion form driving the membrane fusion process between the virion and plasma membranes, resulting in delivery of the viral nucleocapsid into the cytoplasm (reviewed in Aguilar and Iorio [@CR4]; Lee and Ataman [@CR95]). In a related process, virus-infected cells expressing attachment and fusion glycoproteins on their surface can fuse with receptor-bearing cells leading to the formation of multinucleated giant cells (syncytia)---a hallmark of many paramyxovirus infections including the henipaviruses (Wang et al. [@CR183]).

Clinical Manifestations {#Sec7}
-----------------------

### Hendra Virus {#Sec8}

The incubation period of human NiV and HeV infections ranges from a few days to about 3 weeks (Goh et al. [@CR67]; Mahalingam et al. [@CR105]). To date, there have been only seven known cases of human HeV infection, so much less is known about its clinical manifestations compared to NiV infection. Following an influenza-like illness (fever, myalgia, headaches, lethargy, vertigo, cough, pharyngitis, and cervical lympadenopathy), the majority developed severe disease and died; only two patients survived (Mahalingam et al. [@CR105]; Selvey et al. [@CR164]; Playford et al. [@CR144]). Thus the mortality was about 60 %. Three patients had an acute encephalitic syndrome characterized by drowsiness, confusion, ataxia, ptosis, dysarthria and seizures and died soon after. One patient had an acute pulmonary syndrome described as a pneumonitis with chest radiograph findings of diffuse alveolar shadowing (Selvey et al. [@CR164]). Although clinical acute encephalitis was never suspected, apart from pulmonary pathology, this patient's brain at autopsy also showed features of acute encephalitis (Wong et al. [@CR196]). Interestingly, abnormal chest radiographs were also described in two other clinical encephalitis cases. In one patient following relatively mild aseptic meningitis associated with headache, drowsiness, vomiting and neck stiffness, clinical features of probable meningoencephalitis, he presented 13 months later with full blown fatal encephalitis (O'Sullivan et al. [@CR130]). In retrospect, this was the first case of relapsing henipavirus encephalitis. The brain magnetic resonance (MR) scans available in three acute encephalitis patients showed multifocal hyperintensive lesions in the cerebrum and brainstem, and leptomeningeal enhancement. In the case of relapsing encephalitis, extensive, predominantly cortical hyperintense lesions were observed (Mahalingam et al. [@CR105]).

### Nipah Virus {#Sec9}

Based on a large cohort of 94 patients with NiV infection from a single institution, the main features of acute infection was fever, headache, dizziness, and vomiting (Goh et al. [@CR67]). A majority of patients had reduced consciousness levels and signs of brainstem dysfunction. Other distinctive clinical signs included segmental myoclonus, areflexia, hypotonia, hypertension, and tachycardia. The cerebrospinal fluid obtained from lumbar puncture showed elevated leukocyte counts and protein levels. Electroencephalogram abnormalities consisting of diffuse slow waves (continuous or intermittent) with or without focal sharp waves were observed, and in general correlated with disease severity. Brain MR scans (Sarji et al. [@CR162]) of acute NiV infection were characterized by disseminated, multiple hyperintense lesions mainly in subcortical and deep white matter of the cerebrum with no associated edema or mass effect or correlation with severity of neurological signs. Chest radiographs were reported to be abnormal in some patients (Goh et al. [@CR67]; Paton et al. [@CR140]). The risk factors for severe disease and poor prognosis included abnormal doll's eye reflex, tachycardia, and the presence of virus in the cerebrospinal fluid (Chua et al. [@CR42]), and diabetes mellitus (Chong et al. [@CR36]).

A small number, probably \<10 %, of patients with acute NiV infection developed a late-onset encephalitis (in symptomatic patients with no previous encephalitis or patients with asymptomatic seroconversion) or a relapsing encephalitis (in patients with previous encephalitis) a few weeks later. Although potentially fatal, the mortality at about 18 % is considerably lower that acute encephalitis (Tan et al. [@CR174]). The clinical features of late-onset encephalitis and relapsing encephalitis are similar to acute encephalitis. However, some features like fever, coma, brainstem signs, segmental myoclonus and meningism were less commonly observed, while seizures and focal cortical signs were more frequent. Cerebrospinal fluid pleocytosis was common but no virus could be isolated. The brain MR scans showed confluent geographical abnormalities, especially in the cortical gray matter that is strikingly different from acute NiV encephalitis (Sarji et al. [@CR162]). Although most NiV-infected human patients presented with acute encephalitis, some 25 % of patients also presented with respiratory signs, some cases also presented as a non-encephalitic or asymptomatic infection with seroconversion (Chua [@CR38]).

NiV infection could also take a chronic and quiescent course with neurological disease occurring later (\>10 weeks) following a non-encephalitic or asymptomatic infection. A recrudescence of neurological disease, also termed relapsing encephalitis, was also observed in some patients who had previously recovered from an acute encephalitic infection. Here, there is a recrudescence of virus replication in the CNS. Most reported cases of relapsed encephalitis presented from a few months to approximately 2 years following the initial acute infection, however two cases of relapsed encephalitis were observed in 2003 4 years later (Wong et al. [@CR199]; Chong and Tan [@CR35]; Tan and Wong [@CR175]) and the longest reported case of NiV encephalitic recrudescence is 11 years (Abdullah et al. [@CR1]). This recrudescence of henipavirus encephalitis was first noted in the second fatal human case of HeV infection which presented with similar findings (O'Sullivan et al. [@CR130]; Wong et al. [@CR196]). Interestingly, evidence of recrudescence of NiV infection in pteropus bats has also been reported (Sohayati et al. [@CR170]) as well as HeV infection modeling in flying-fox populations (Wang et al. [@CR182]). There is no evidence of HeV shedding in people who have recovered from infection (Taylor et al. [@CR177]).

Persistent neurological deficits have been observed in \>15 % of NiV infection survivors (Bellini et al. [@CR14]). In addition, recent studies have also assessed the long-term neurologic and functional outcomes of \>20 individuals surviving symptomatic NiV infection in Bangladesh (Sejvar et al. [@CR163]). In Bangladesh, the outcomes among 22 of 45 serologically confirmed cases of NiV infection revealed neurological sequelae in survivors, and patients who initially had encephalitis could continue to exhibit neurological dysfunction for several years (Sejvar et al. [@CR163]). Both persistent and delayed-onset neurological sequelae were noted, including a higher proportion of persistent behavioral disturbances including violent outbursts and increased irritability among pediatric patients (Sejvar et al. [@CR163]). Viral persistence and/or recrudescence within the CNS are suspected to be at play in these individuals. The mechanisms that allow NiV and HeV to escape immunological clearance for such an extended period and later result in disease are unknown, and this characteristic of NiV and HeV has important implications for therapeutics development.

Pathology {#Sec10}
=========

Human Pathology {#Sec11}
---------------

HeV spillovers in Australia have occurred annually since 2006 and to date there have been seven human cases of which four have been fatal (Playford et al. [@CR144]). All human cases of HeV infection was the result of exposure and transmission of the virus from infected horses to humans. The first human case presented as an acute severe respiratory disease but no clinical evidence of acute encephalitis. At autopsy, the lungs showed macroscopic evidence of congestion, hemorrhage and edema (Selvey et al. [@CR164]) associated with focal necrotizing alveolitis and evidence of syncytia and multinucleated giant cell formation, and viral inclusions. Focal vasculitis was also noted in some pulmonary vessels. Viral antigens were localized by immunostaining to alveolar type II pneumocytes, intra-alveolar macrophages and blood vessels (Wong et al. [@CR196]). Although clinical encephalitis was apparently absent, the brain pathology clearly showed acute encephalitis characterized by mild meningitis, parenchymal and perivascular inflammation. More importantly, there was evidence of neuronal viral inclusions, vasculitis and necrotic/vacuolar plaques. Viral antigens/RNA were demonstrated in blood vessels, neurons (Fig. [2d](#Fig2){ref-type="fig"}), and ependyma. Mild inflammation could also be found in the lymph node and kidney where viral antigens were detected in glomeruli and renal tubules.Fig. 2Pathology of human henipavirus infection. (**a**) Vasculopathy in NiV encephalitis showing vasculitis, thrombosis and endothelial multinucleated syncytia with viral inclusion (**b**, *arrow*). (**c**) Numerous NiV inclusions/antigens within neurons, and particularly around necrotic plaques (**e**) Necrotic plaques may also have evidence of adjacent vascular thrombo-occlusion (**e**, *arrow*). (**d**) HeV RNA can be demonstrated in neurons. In the kidney infected by NiV, glomerular capillary thrombosis and multinucleated syncytia at the periphery of the glomerulus can be detected (**f**, *arrow*). Panels (**a**, **b**, **d**, **f**) from Wong and Ong ([@CR195]), panels (**c**, **e**) from Wong et al. ([@CR197])

A second fatality occurred in an individual who first experienced an aseptic meningitic illness associated with drowsiness caused by HeV infection acquired after assisting at the necropsies of two horses that were only later shown to have died from HeV infection. Approximately 13 months later this individual suffered a recurrence of severe encephalitis characterized by uncontrolled focal and generalized epileptic activity. Inflammatory lesions were only found in the CNS, not in other organs obtained at (Wong et al. [@CR196]). Extensive lesions were found mainly in the meninges and cerebral cortex, but focal lesions were also found in the cerebellum, pons and spinal cord. There was intense infiltration of the parenchyma and perivascular areas by macrophages, lymphocytes, and plasma cells together with severe neuronal loss, reactive glial, and vascular proliferation. Although viral inclusions were not prominent, viral antigens/RNA were detected in neurons, glial, and/or inflammatory cells. Interestingly, there was no evidence of vasculitis or endothelial syncytia in the CNS, as well as absence of these and other features of inflammation in all the non-CNS organs examined.

In the first NiV outbreak in Malaysia and Singapore, autopsies were conducted on \>30 individuals which has afforded a better understanding of the pathology of NiV in comparison to that of HeV infection. These autopsies were mostly in individuals, including pig farm workers and farmers, who in one way or another had contact with sick pigs. The macroscopic features were generally non-specific. Perhaps the most distinctive microscopic feature is the disseminated vasculitis found in most organs examined, particularly in the CNS and lungs. The fully developed, typical vasculitic lesion comprised focal segmental inflammation of the vascular wall, endothelial ulceration and thrombosis (Fig. [2a](#Fig2){ref-type="fig"}) (Wong et al. [@CR197]). The rare endothelial multinucleated syncytia may occasionally be found in early vasculitis (Fig. [2b](#Fig2){ref-type="fig"}). Viral antigens and nucleocapsids can be demonstrated in blood vessels. Extravascular necrotic lesions and inflammation in many organs can also be seen. In the CNS parenchyma, distinct necrotic plaques (Fig. [2e](#Fig2){ref-type="fig"}) arising from vasculitis-induced vascular obstruction, ischemia and infarction and/or neuronal infection were commonly found. Neurons in or around necrotic plaques and other inflamed neuronal areas often showed the widespread presence of viral antigens (Fig. [2c](#Fig2){ref-type="fig"}). Glial cells were much more rarely involved. Viral inclusions in neurons in the CNS and other cells in non-CNS tissues were also observed. Apart from vasculitis, inflammation, necrosis, and the rare multinucleated giant cells or syncytia involving extravascular tissue in the lung, spleen, lymph node, and kidney (Fig. [2f](#Fig2){ref-type="fig"}), were reported (Wong et al. [@CR197]; Hooper et al. [@CR83]; Wong [@CR193]). The combination of disseminated, vasculitis-induced thrombosis, vascular occlusion, and microinfarction, together with direct infection of parenchymal cells suggest a unique dual pathogenetic mechanism for tissue injury in acute NiV infection. This appears to hold true for acute HeV infection as well. Certainly in the CNS, extensive virus-associated vasculopathy, with or without neuroglial infection, as a significant cause of tissue injury is probably unique.

The pathological features in the few autopsy cases of NiV relapsing or late-onset encephalitis and the single case of HeV relapsing encephalitis were similar and confined mainly to the CNS (Wong and Tan [@CR198]; Tan et al. [@CR174]). There was extensive and severe meningoencephalitis with parenchymal and perivascular inflammation, severe neuronal loss and reactive gliosis. Viral inclusions, antigens/RNA could be detected but vasculitis were absent (Wong [@CR193]). Indeed, vasculitis or other vasculopathies which were readily found in the acute infection, were absent in the CNS and extra-CNS organs.

Animal Pathology {#Sec12}
----------------

In addition to HeV and NiV infection of bats (Middleton and Weingartl [@CR117]), detailed reviews of the disease manifestations observed in natural and experimental infections of animals with HeV and NiV have recently been reported (Dhondt and Horvat [@CR49]; Geisbert et al. [@CR63]; Wong and Ong [@CR195]). As mentioned previously, natural HeV infections have almost exclusively been observed in horses, and only recently have two dogs been reported HeV antibody positive. Whereas in addition to pigs, naturally acquired NiV infection was noted in dogs, cats and horses in the initial Malaysian outbreak (Hooper et al. [@CR83]). Serological studies of natural NiV infection revealed that dogs in areas associated with farms in the Malaysian outbreak were susceptible to infection (Field et al. [@CR57]). However, diseased dogs were not prevalent with only two animals examined (one dead and one sick) (Hooper et al. [@CR83]; Wong and Ong [@CR195]). In Bangladesh, a few cases of human NiV infection were associated with sick animal contact including cows (Hsu et al. [@CR85]), pigs, and goats (Luby et al. [@CR104]), and recently serological evidence of henipavirus infection in cattle, goats and pigs in Bangladesh has been reported (Chowdhury et al. [@CR37]).

### Animal Disease Models {#Sec13}

The development of animal models of henipavirus infection and pathogenesis has been critical for understanding henipavirus pathogenesis and also needed for the evaluation of potential vaccines and therapeutics. Several well-established animal models of HeV and NiV infection and pathogenesis have been developed and include the guinea pig (Williamson et al. [@CR191]; [@CR192] \#3773; Middleton et al. [@CR116]), hamster (Guillaume et al. [@CR71]; Wong et al. [@CR194]), cat (Mungall et al. [@CR123]; Middleton et al. [@CR118]; Williamson et al. [@CR190]), pig (Li et al. [@CR96]; Weingartl et al. [@CR188]; Middleton et al. [@CR118]), ferret (Pallister et al. [@CR135]; Bossart et al. [@CR22]), African green monkey (AGM) (Rockx et al. [@CR158]; Geisbert et al. [@CR62]), squirrel monkey (Marianneau et al. [@CR106]) and horse (Marsh et al. [@CR108]). Among these models, the pathogenic processes of henipavirus infection in the hamster, ferret and AGM best represent the pathogenesis observed in humans; whereas the most appropriate models for livestock are the pig and horse.

### The Syrian Golden Hamster {#Sec14}

The Syrian golden hamster and NiV challenge was the first successful small animal model of henipavirus infection and pathogenesis (Wong et al. [@CR194]). NiV infection in the hamster produced severe lesions in the brain, with animals succumbing to infection 5--9 days after intraperitoneal infection, 24 h following the development of tremors and limb paralysis. Hamsters inoculated intranasally survived \~5 days longer post-challenge, displaying progressive neurological signs and breathing difficulties. Vascular pathology was widespread, involving the brain and lung, with endothelial cell infection. The vascular and parenchyma lesions were consistent with CNS-mediated clinical signs. Another study showed that higher doses of NiV resulted in an acute respiratory distress syndrome (ARDS) while lower doses would yield the development of neurological signs and more widespread infection throughout the endothelium (Rockx et al. [@CR159]). HeV infection of hamsters also produces both respiratory and brain pathology, with endothelial infection and vasculitis, and direct parenchymal cell infection in the CNS (Guillaume et al. [@CR71]). Similar to NiV infection in hamsters, higher doses of HeV resulted in ARDS and lower doses produced a more neuropathogenic syndrome (Rockx et al. [@CR159]).

### The Ferret {#Sec15}

NiV infection of ferrets produces both a severe respiratory and neurological disease along with systemic vasculitis following oral-nasal challenge by 6--10 days post-infection (Bossart et al. [@CR22]; Pallister et al. [@CR134]). Clinical signs in infected ferrets included severe depression, serous nasal discharge, cough and shortness of breath, and tremor and hind limb paresis. Pathological findings included vascular fibrinoid necrosis in multiple organs, necrotizing alveolitis, and syncytia of endothelium and alveolar epithelium. Severe focal necrotizing alveolitis vasculitis and focal necrosis in a wide range of tissues was observed along with significant levels of viral antigen in blood vessel walls. NiV antigen was present within the brain along with infected neurons, and virus isolation from the brain and other organs was reported. HeV challenged ferrets, also by the oral-nasal route, rapidly progressed with severe disease 6--9 days following infection with essentially identical findings as seen in NiV-challenged ferrets (Pallister et al. [@CR135]). The henipavirus disease processes in the ferret accurately reflects those reported in NiV-infected humans and the ferret model has been used in the evaluation of vaccines and therapeutics against henipavirus infections.

### Nonhuman Primates {#Sec16}

The first successful nonhuman primate models for both NiV and HeV infection were developed using the African green monkey (AGM) (Geisbert et al. [@CR62]; Rockx et al. [@CR158]). Both NiV and HeV will produce a uniformly lethal disease process following low dose virus challenge by intratracheal inoculation within 7--10 days post-infection. HeV and NiV spread rapidly to numerous organ systems within the first 3--4 days following challenge. Monkeys begin to develop a progressive and severe respiratory disease \~7 days post-infection (Geisbert et al. [@CR62]; Rockx et al. [@CR158]). The lungs become enlarged and with high levels of virus replication, congestion, hemorrhage, and polymerized fibrin. Widespread vasculitis with endothelial and smooth muscle cell syncytia with viral antigen, along with viral genome was detected in most organs and tissues along with associated pathology. Monkeys infected with either NiV or HeV also exhibit neurological disease signs with the presence of meningeal hemorrhaging and edema, and vascular and parenchymal lesions in the brain including infection of neurons with in the brainstem particularly involved (Fig. [3](#Fig3){ref-type="fig"}) (Geisbert et al. [@CR62]; Rockx et al. [@CR158]).Fig. 3Nipah virus and Hendra virus infection and pathogenesis in the nonhuman primate brain. End stage of lethal NiV and HeV infection in African green monkeys. (**a**) Brain, NiV, congestion of the brain (*black arrow*); fluid (*white arrow*) suggests mild to moderate meningeal edema; (**b**) brain, HeV, congestion of the brain (*black arrows*); (**c**) immunohistochemistry staining of NiV antigen in the brain stem; (**d**) immunohistochemistry staining of HeV antigen in the brain stem. (**c**, **d**) Strong cytoplasmic and nuclear staining of viral antigen in neurons. Panels (**a**) from Geisbert et al. ([@CR62]) and panel (**b**) from Rockx et al. ([@CR158])

The squirrel monkey was also found to be susceptible to experimental NiV infection via intravenous and intranasal routes demonstrating findings similar to AGM and human infection (Marianneau et al. [@CR106]). Vasculopathy and parenchymal cell infection were found in the CNS, lungs and other organs.

### The Pig {#Sec17}

NiV infection of pigs revealed the respiratory system as a major site of virus replication and pathology, with viral antigen and syncytia formation present in the respiratory epithelium (tracheal, bronchial, bronchiolar, and alveolar) and small blood and lymphatic vessels (Middleton et al. [@CR118]; Hooper et al. [@CR83]; Wong and Ong [@CR195]). Virus was also observed in the kidneys and in endothelial and smooth muscle cells of small blood vessels (Middleton et al. [@CR118]). CNS involvement was less common, with meningitis or meningoencephalitis observed as opposed to encephalitis (Middleton et al. [@CR118]). NiV infection of piglets generally resulted in a mild clinical disease with fever and respiratory signs and virus replication noted in the respiratory system, lymphoid tissues and the CNS (Weingartl et al. [@CR188]). Recoverable virus was recorded in the respiratory, lymphatic and nervous systems, and virus shedding in nasal, pharyngeal, and ocular fluids was reported. HeV infection of pigs also presents as a primarily respiratory disease in both Landrace piglets and older Gottingen minipigs, with possible CNS involvement observed in minipigs, and similar patterns of virus shedding (Li et al. [@CR96]). Overall, HeV appeared to cause a more severe respiratory syndrome in pigs in comparison to NiV. Although HeV and NiV disease in pigs is often less severe in comparison to other animal models, the virus does replicate and disseminate to a variety of organs along with significant levels of virus shedding.

### The Horse {#Sec18}

Natural HeV infection in horses is often associated with severe disease and experimental infections are essentially uniformly fatal (Marsh et al. [@CR108]). Naturally infected horses appear to have an incubation period of \~8--11 days and animals initially present as anorexic and depressed with general uneasiness and ataxia, with the development of fever and sweating. Respiration becomes rapid, shallow and labored with pulmonary edema and congestion, along with nasal discharge 1--3 days following the onset of clinical signs. In severe cases the airways of horses are often filled with a blood-tinged frothy exudate. There was hemorrhage, thrombosis of capillaries, necrosis, and syncytial cells in the endothelium of pulmonary vessels noted. Viral antigen was also observed within endothelial cells across a wide variety of organs, with recoverable virus from a number of internal organs as well as from saliva and urine. Neurologic clinical signs can also present (Rogers et al. [@CR160]). However, in experimentally infected horses, only meningitis (with vasculitis) was noted in all animals (Marsh et al. [@CR108]) and viral antigen was detected in the meninges of each case. One horse in this study also presented with vasculitis of blood vessels in the brain parenchyma, and HeV antigen was also identified within the cerebral blood vessels of this animal (Fig. [4](#Fig4){ref-type="fig"}) (Deborah Middleton, personal communication). Also, an experimental control horse in Middleton et al. ([@CR115]) also had vasculitis with HeV antigen in blood vessels within the brain. However, to date HeV antigen has not been reported to be present in the neurons of infected horses, but this may be a sampling artefact and/or an observation exacerbated by the fact that the horses are being euthanized and the HeV infection is not reaching its full pathogenic expression under experimental conditions. However, the meningitis and inflammation of cerebral blood vessels in the experimentally infected horses may be sufficient explanation for the clinical signs of neurological disease in naturally acquired cases of HeV infection (Deborah Middleton, personal communication). Experimental infection of horses with NiV has not been performed but the brain and spinal cord of one naturally infected horse was examined and immunohistochemical staining of viral antigen observed revealing non-suppurative meningitis (Hooper et al. [@CR83]).Fig. 4Hendra virus pathology in the horse. (**a**, *arrow*) Vasculitis of blood vessels in the brain parenchyma of a HeV-infected horse. HeV antigen detected by IHC with anti-N protein polyclonal antibody within cerebral blood vessels of brain parenchyma (**b**, *arrows*) and meningeal blood vessels (**c**). Panel (**a**) from Marsh et al. ([@CR108]). Panels (**b**, **c**) courtesy of Deborah Middleton, AAHL Biosecurity Microscopy Facility, Australian Animal Health Laboratory (AAHL) Livestock Industries CSIRO, Australia

CNS Invasion {#Sec19}
============

An array of viruses across many families are known to exhibit neurotropism and there are two central routes of CNS invasion; hematogenous spread or via infection of nerve cells (Swanson and McGavern [@CR173]; Koyuncu et al. [@CR90]). Many viruses that cause viremia following the establishment of an initial infection have an opportunity to breach the blood--brain-barrier (BBB); a highly selectively permeable barrier that separates the CNS from the peripheral blood circulation (Ransohoff et al. [@CR156]). Once in the blood, a number of viruses including some herpesviruses, paramyxoviruses, retroviruses, picornaviruses, filoviruses, and flaviviruses can directly infect vascular endothelial cells (Koyuncu et al. [@CR90]) which could allow passage of virus into the CNS and/or promote inflammation and breakdown of the BBB which may also facilitate virus access to the CNS (Obermeier et al. [@CR131]). Alternatively, some viruses can infect myeloid and lymphoid cells and these infected cells can naturally traverse the BBB delivering virus into the CNS by the "Trojan horse" mechanism (McGavern and Kang [@CR112]). A number of neurovirulent paramyxoviruses, particularly the morbilliviruses like measles virus and canine distemper virus, but also mumps virus and Newcastle disease virus, can productively infect lymphocytes (Joseph et al. [@CR88]; Krakowka et al. [@CR91]; Fleischer and Kreth [@CR59]; Hao and Lam [@CR74]) (see also Chap. 10.1007/978-3-319-33133-1_2). These infected lymphocytes serve as a cell-associated viremia which can then lead to the delivery of virus into the CNS by transmigration through BBB (Lossinsky and Shivers [@CR99]).

CNS invasion by NiV and HeV is a key feature of their pathogenic features in humans and as discussed earlier several animal models have also demonstrated NiV and HeV CNS disease. The widespread and disseminated endothelial infection and vasculitis in henipavirus encephalitis strongly suggest that BBB disruption is an important, if not the most important route, for viral entry into the CNS. Plaque-like, groups of infected neurons were frequently observed near to infected/vasculitic vessels suggesting centrifugal viral spread from focal BBB damage.

However, although NiV was shown not to infect human lymphocytes and only low levels of monocyte infection have been reported, human lymphocytes could bind NiV and facilitate its transfer and infection to other susceptible cells (Mathieu et al. [@CR110]). The trafficking of such cell-associated infectious NiV within a host disseminates the virus and also could potentially deliver NiV into CNS by leukocyte transmigration. In pigs, however, NiV infection of CD6+ CD8+ T lymphocyte has been observed, along with monocytes and NK cells (Stachowiak and Weingartl [@CR171]). CD6 is a costimulatory molecule involved in lymphocyte activation and differentiation (Gimferrer et al. [@CR66]) which engages activated leukocyte cell adhesion molecule (ALCAM/CD166) which is known to promote leukocyte migration across the BBB (Cayrol et al. [@CR30]). In this instance, it was suggested that NiV-infected CD6+ T cells would elaborate a strong interaction ALCAM expressed on microvascular endothelial cells which could determine the observed tropism of NiV for small blood vessels and also facilitate CNS invasion by leukocyte migration. Similar studies have not been reported with HeV.

Alternatively, some neurotropic viruses can invade the CNS via infection of peripheral nerves (Swanson and McGavern [@CR173]). For example, some neurotropic viruses begin the infection process in one cell type or tissue such as the oropharyngeal and intestinal mucosa in case of poliovirus (see also Chap. 10.1007/978-3-319-33133-1_1) or in myocytes at the bite site in the case of rabies virus (see also Chap. 10.1007/978-3-319-33133-1_4) and both later use peripheral motor neurons and retrograde transport to infect the CNS (Koyuncu et al. [@CR90]). In the case of some herpesviruses, initial infection of sensory neurons is followed by retrograde transport and establishment of latency in the peripheral nervous system, and fortunately anterograde transport of herpesviruses to the CNS is rare (Koyuncu et al. [@CR90]) (see also Chap. 18). Olfactory receptor neurons provide a unique opportunity for neurotropic pathogens to invade the CNS because of the direct exposure of dendrites to the environment within the olfactory epithelium, and a few members of several virus families, including flaviviruses, togaviruses, and bunyaviruses are known to invade the CNS via an initial infection of olfactory receptor neurons within the olfactory epithelium and once infected virus can gain access to the CNS by transported anterograde transport (Mori et al. [@CR122]; Koyuncu et al. [@CR90]).

Certain paramyxoviruses have also been shown capable of neuroinvasion via anterograde transport following infection of olfactory neurons (Rudd et al. [@CR161]; Ramirez-Herrera et al. [@CR155]). NiV infection in pigs is often asymptomatic as discussed above. When disease was noted in naturally infected pigs, neurological disease manifested as trembling, twitches, muscle spasms, and uncoordinated gait (Mohd Nor et al. [@CR121]). Experimental NiV infection challenge of Landrace female piglets by the ocular and oronasal routes revealed that virus replication occurs in the oropharnyx and then spreads sequentially to the upper respiratory tract and submandibular lymph nodes, followed by replication in the lower respiratory tract, and additional lymphoid tissues, and NiV was detected in the nervous system of both sick and apparently healthy animals; including cranial nerves, trigeminal ganglion, brain, and cerebrospinal fluid. NiV invaded the CNS via cranial nerves, most importantly via the olfactory nerve, as early as 3 dpi, as well as by crossing the BBB (Weingartl et al. [@CR188]). One report of HeV infection of Landrace and Gottingen minipig breeds by oronasal or nasal inoculations produced clinical signs that were primarily respiratory with suggestive neurological involvement seen only in the Gottingen minipig.

An aged mouse model of intranasal challenge with HeV revealed that animals could consistently develop encephalitic disease, and an anterograde route of neuroinvasion of the CNS via olfactory nerves was proposed (Dups et al. [@CR54]), however in a follow-up study using the same model with NiV-Bangladesh and NiV-Malaysia, animals did not exhibit CNS disease (Dups et al. [@CR53]). As was discussed earlier, in the hamster model for both NiV and HeV challenge, lower doses of virus allowed for a more neuropathogenic disease state. In an elegant spatial-temporal model of NiV infection in the hamster by intranasal inoculation (10^5^ TCID~50~), individual NiV-infected neurons were observed extending from the olfactory bulb by 4 dpi, demonstrating direct evidence for virus transport in the CNS via olfactory neurons (Munster et al. [@CR124]) (Fig. [5](#Fig5){ref-type="fig"}). At 6 dpi, meningoencephalitis was observed, characterized by multifocal meningeal and perivascular lymphocytic infiltration, and in the olfactory bulb neurons and axons of the olfactory nerve layer, glomerular layer and external plexiform layer of the olfactory bulb were positive by NiV antigen staining. NiV dissemination from the olfactory bulb to the olfactory tubercle region was noted by 6 dpi. From olfactory tubercle region, which is highly innervated to other brain regions including the hypothalamus, thalamus, amygdala, hippocampus and brain stem, spread of NiV within the CNS is readily possible. Similarly, in oronasal challenge models of both NiV and HeV in the ferret (Pallister et al. [@CR135]; Bossart et al. [@CR22]), henipavirus genome and viral antigen were consistently detected in the olfactory lobe of brains along with many animals demonstrating neurological disease such as tremors and hind limb weakness or paralysis. Finally, in the AGM nonhuman model of NiV and HeV infection described earlier, consistent neurological disease was observed even though an intratracheal route of challenge is performed, with those animals surviving longer, or those challenged with lower doses of virus, showing more severe neurological disease with signs such as tremors, paralysis and convulsions (Rockx et al. [@CR158]; Geisbert et al. [@CR62]) (Geisbert and Broder Unpublished). However, in human NiV autopsy studies, involvement of the olfactory bulb has not been demonstrated so far (Wong et al. [@CR197]).Fig. 5Entry of Nipah virus into the CNS. A hamster model of NiV infection by intranasal inoculation revealed individual NiV-infected neurons extending from the olfactory bulb at 4 dpi. Viral antigen was detected by monoclonal antibody staining (*red--brown*) against nucleoprotein. *Asterisks* indicate positive neurons within the olfactory nerve fiber (ONF), crossing from the olfactory epithelium (OE) to the olfactory bulb (OB) through the cribriform plate (C). The inset shows a higher magnification of the *boxed area* with antigen-positive neurons. Figure 5 reproduced from Munster et al. ([@CR124]), "Rapid NiV entry into the central nervous system of hamsters via the olfactory route," licensed under a Creative Commons Attribution 3.0 Unported License. <http://www.nature.com/srep/2012/121015/srep00736/full/srep00736.html>

Therapeutics and Vaccines {#Sec20}
=========================

Antivirals {#Sec21}
----------

Presently, there are no approved therapeutics for treating HeV or NiV infection in people, but there have been a few approaches tested in animal models (reviewed in Broder [@CR27]). Ribavirin is often a first line treatment course for suspected viral infections of unknown etiology, having antiviral activity against many RNA and some DNA viruses (Sidwell et al. [@CR167]) and is an accepted treatment against several viruses including respiratory syncytial virus and arenaviral hemorrhagic fevers (reviewed in Snell [@CR168]). During the initial NiV outbreak in Malaysia, some patients were treated with ribavirin and there was some evidence that this therapy may have been clinically beneficial (Chong et al. [@CR34]; Snell [@CR169]). Of the recorded human HeV cases, three individuals were treated with ribavirin, and of these, two succumbed to disease and one survived (Playford et al. [@CR144]). Chloroquine, an anti-malarial drug, was shown to block the critical proteolytic processing needed for the maturation and function of the HeV F glycoprotein discussed earlier (Pager et al. [@CR133]) and could block infection in cell culture (Porotto et al. [@CR149]). However, chloroquine and ribavirin treatment of a HeV-infected individual had no clinical benefit (reviewed in Broder et al. [@CR29]). Animal studies have also revealed no therapeutic benefit of either chloroquine or ribavirin. Two studies in hamsters and one study in monkeys showed that ribavirin treatment only delayed death after virus infection (Freiberg et al. [@CR60]; Georges-Courbot et al. [@CR65]; Rockx et al. [@CR158]), with HeV challenge monkeys treated with ribavirin having marked increases of neurological symptoms. Chloroquine treatment was also unable to prevent NiV disease in ferrets (Pallister et al. [@CR134]). Also, various forms of poly(I:C) are strong inducers of IFN-α and -β production, have been explored as antiviral therapies for over 40 years. PolyIC~12~U is very specific in triggering the Toll-like receptor (TLR)3 pathway (reviewed in Nicodemus and Berek [@CR129]). PolyIC~12~U was shown capable of blocking NiV replication, and continuous administration of polyIC~12~U for 10 days beginning at the time of challenge was shown to prevent lethal NiV disease in five of six hamsters (Georges-Courbot et al. [@CR65]), suggesting that use of TLR3 agonists such as PolyIC~12~U, perhaps in combination with other antiviral strategies, should be explored. But for HeV and NiV, the development of new therapeutics and vaccines has primarily focused on targeting the attachment and infection stages mediated by the viral F and G glycoproteins.

Peptide Fusion Inhibitors {#Sec22}
-------------------------

As discussed earlier, peptides, typically 30--40 residues in length that are homologous to either of the heptad repeat domains of several paramyxovirus F glycoproteins, including the henipaviruses, can potently inhibit membrane fusion by blocking the formation of the trimer-of-hairpins structure (reviewed in Bossart et al. [@CR18]). The first henipavirus-specific peptide fusion inhibitor was a 36 amino acid heptad repeat-2 sequence (NiV-FC2) (Bossart et al. [@CR21]) analogous to the approved HIV-1 specific therapeutic peptide enfuvirtide (Fuzeon™). Other studies showed that a heptad repeat-2 peptide from human parainfluenza virus type-3 (hPIV3) F blocked HeV mediated fusion (Porotto et al. [@CR148]) and a sequence-optimized and cholesterol-tagged hPIV3-based heptad repeat-2 peptide appeared effective in the NiV hamster (Porotto et al. [@CR150]). This cholesterol-tagged antiviral peptide could also penetrate the CNS and exhibit some effective therapeutic activity against NiV. Additional in vivo efficacy testing of peptide fusion inhibitors as henipavirus therapeutics merits further investigation.

Antiviral Antibodies {#Sec23}
--------------------

Almost without exception all virus-neutralizing antibodies to enveloped viruses are directed against the viral envelope glycoproteins on the surface of the virion particle. Initial passive immunization studies were conducted in the hamster NiV-challenge model and showed that antibody immunotherapy against henipavirus infection by targeting the viral envelope glycoproteins was possible. Protective passive immunotherapy using either NiV G and F-specific polyclonal antiserums, or mouse monoclonal antibodies (mAbs) specific for the henipavirus G or F glycoproteins has been shown (Guillaume et al. [@CR69], [@CR70], [@CR71]). These studies demonstrated a major role of viral glycoprotein specific antibody in protection from henipavirus-mediated disease (reviewed in Broder et al. [@CR28]). Using recombinant antibody technology, henipavirus-neutralizing human mAbs reactive to the G glycoprotein were previously isolated (Zhu et al. [@CR209]). One mAb, m102, possessed strong cross-reactive neutralizing activity against HeV and NiV and was affinity maturated (m102.4) and converted to an IgG1 format and produced in a CHO-K1 cell line (Zhu et al. [@CR208]). The m102.4 mAb epitope maps to the receptor binding site of G and engages G in a similar fashion as the ephrin receptors (Xu et al. [@CR203]). The m102.4 mAb can neutralize NiV-Malaysia, HeV-1994, HeV-Redlands and NiV-Bangladesh isolates (Bossart et al. [@CR22]). In a post-exposure NiV-challenge experiment in the ferret model, a single dose of mAb m102.4 administered by intravenous infusion 10 h after lethal challenge could prevent lethal infection (Bossart et al. [@CR22]). The therapeutic efficacy of mAb m102.4 has also been examined in monkeys against both NiV and HeV challenge with a study design reflecting a potential real life scenario that would require a post-exposure treatment (Bossart et al. [@CR19]; Geisbert et al. [@CR64]). In one study, animals were challenged intratracheally with HeV and later infused twice with m102.4 (\~15 mg/kg) beginning at 10, 24, or 72 h post-infection followed by a second infusion \~48 h later. All subjects became infected following challenge, and all animals that received m102.4 survived whereas all control subjects succumbed to severe systemic disease by day 8. Animals in a 72 h treatment group did exhibit neurological signs but all recovered by day 16, but there was no evidence of HeV-specific pathology in any of the m102.4-treated animals, and no infectious HeV could be recovered from any tissues from any m102.4-treated subjects. A follow-up study evaluated the efficacy of m102.4 against NiV disease in the AGM model at several time points after virus exposure by intratracheal challenge, including at the onset of clinical illness (Geisbert et al. [@CR64]). Here, subjects were infused twice with m102.4 (15 mg/kg) beginning at either 1, 3, or 5 days after virus challenge and again 2 days later. All subjects became infected after challenge and all subjects that received m102.4 therapy survived infection, whereas the untreated control subjects succumbed to disease between days 8 and 10 after infection. Animals in the day 5 treatment group exhibited clinical signs of disease, but all recovered by day 16. Together, these studies revealed that mAb m102.4 could prevent widespread henipavirus dissemination in challenged subjects, and were the first successful post-exposure in vivo therapies against HeV and NiV in nonhuman primates.

Active Immunization Strategies {#Sec24}
------------------------------

A variety of active immunization strategies for henipavirus have been examined using recombinant virus platforms, protein subunit, virus-like particles and DNA vaccines. Several of these strategies have only been examined in terms of their ability to generate a henipavirus-specific neutralizing response (Kong et al. [@CR89]; Kurup et al. [@CR92]; Wang et al. [@CR186]; Walpita et al. [@CR181]), whereas other studies examined immune response and efficacy in animal challenge models. The first report used the hamster model and the attenuated vaccinia virus strain NYVAC, using recombinant viruses encoding either the NiV F or G, both individually and in combination to immunize animals, and the study revealed that complete protection from NiV-mediated disease was achievable and that an immune response to the viral envelope glycoproteins can be important in protection (Guillaume et al. [@CR69]). Another poxvirus-based vaccine was examined as a potential livestock vaccine using recombinant canarypox virus in pigs (Weingartl et al. [@CR189]). Here, the NiV F and G glycoprotein genes were used to generate recombinant canarypox viruses (ALVAC) vaccine vectors and used to immunize pigs. ALVAC vectors expressing F and G were tested alone and in combination, and piglets were challenged intranasally with NiV. Here, protection from NiV-mediated disease was seen in all vaccinated pigs by either ALVAC vector alone or in combination and that vaccinated animals shed only low levels of nucleic acid detectable virus with no isolatable virus (Weingartl et al. [@CR189]).

More recently, several viral vector-based henipavirus vaccines have also been examined in animal challenge studies; these have included immunizations using the vesicular stomatitis virus based platform (VSV) expressing either the NiV G or F glycoprotein in the hamster model (DeBuysscher et al. [@CR48]; Lo et al. [@CR98]) and also VSV-based vaccines using NiV F or G in the ferret model (Mire et al. [@CR120]). All these studies demonstrated that a single dose of vaccine could induced strong neutralizing antibody responses and could afford protection from NiV challenge, highlighting their potential usefulness as either a livestock vaccine or one suitable in an emergency use or outbreak scenario. Vaccination and challenge experiments have also been examined using an adeno-associated virus platform with NiV G showing protection against challenge in the hamster model and low level cross-protection (three of six animals) against a HeV challenge (Ploquin et al. [@CR145]), and also a recombinant measles virus vector with NiV G which showed two of two AGMs were protected from NiV challenge (Yoneda et al. [@CR206]).

A protein subunit vaccine strategy for henipaviruses has been extensively examined because of the inherent safety of such an approach. Soluble, secreted, oligomeric forms of the G glycoprotein (sG) from both NiV and HeV were developed (Bossart et al. [@CR17]). The HeV-sG glycoprotein is a secreted version of the molecule with a genetically deleted transmembrane and cytoplasmic tail that is produced in mammalian cell culture systems and is properly N-linked glycosylated (Colgrave et al. [@CR45]). HeV-sG retains many native characteristics including oligomerization and ability to bind ephrin receptors (Bonaparte et al. [@CR16]), and it elicits potent cross-reactive neutralizing (HeV and NiV) antibody responses in a variety of animals including mice, rabbits, cats, ferrets, monkeys and horses. Studies using the HeV-sG subunit immunogen in the cat model demonstrated that it could elicit a completely protective immune response against a lethal subcutaneous NiV challenge (Mungall et al. [@CR123]) showing that a single vaccine (HeV-sG) could be effective against both HeV and NiV. Further studies in the cat model demonstrated that pre-challenge virus-neutralizing antibody titers as low as 1:32 were completely protective from a high-dose oronasal challenge of NiV (50,000TCID~50~) (McEachern et al. [@CR111]). HeV-sG immunization studies in the ferret model using either 100, 20 or 4 μg doses of HeV-sG formulated in CpG and Allhydrogel^TM^ could all afford complete protection from a 5000 TCID~50~ dose of HeV (100 times the minimal lethal dose) with no disease or evidence of virus or viral genome in any tissues or body fluids in the 100 and 20 μg vaccine groups; and only a low level of viral genome detected in the nasal washes from one of four animals in the 4 μg vaccine group. No infectious virus could be recovered from any vaccinated ferrets. The HeV-sG subunit vaccine has also been evaluated in nonhuman primates (AGMs). In one study, doses of 10, 50, or 100 μg of HeV-sG were mixed with Allhydrogel^™^ and CpG and vaccine was given to three subjects in each dosing group twice, 3 weeks apart, and subjects were challenged by intratracheal administration with a tenfold lethal dose of NiV (1 × 10^5^ TCID~50~) 21 days later. Complete protection was observed in all vaccinated subjects. Some subjects had pre-challenge NiV neutralizing titers as low as 1:28. No evidence of clinical disease, virus replication, or pathology was observed. A second study examined HeV-sG vaccination and protection from HeV challenge in AGMs, and also evaluated the HeV-sG subunit (100 μg doses) in Allhydrogel^™^ and CpG as well as formulated with only Allhydrogel^™^ (Mire et al. [@CR119]). Subjects were vaccinated twice, 3 weeks apart, and were challenged intratracheally with a tenfold lethal dose of HeV (∼5 × 10^5^ plaque-forming units) 21 days after the boost vaccination. None of the eight vaccinated animals showed any evidence of clinical illness, virus replication, or pathology. The study also clearly demonstrated that HeV-sG-Allhydrogel^™^ alone is capable of providing complete protection from a HeV challenge providing crucial data for supporting preclinical development as a henipavirus vaccine for use in people.

The simplicity and inherent safety of the HeV-sG subunit vaccine approach together with the numerous successful vaccination and challenge studies that have been carried out in multiple animal models, the HeV-sG subunit vaccine was chosen for the development of an equine vaccine to prevent infection in horses and also reduce the risk of HeV transmission to people. HeV-sG was licensed by Zoetis, Inc. (formerly Pfizer Animal Health) and developed as an equine vaccine for use in Australia. Horse HeV-sG vaccination and HeV challenge studies were conducted in Australia the BSL-4 facilities of the Australian Animal Health Laboratories (AAHL) in Geelong, Australia (Middleton et al. [@CR115]). Here, HeV-sG was formulated in a proprietary adjuvant (Zoetis, Inc.) and in two initial efficacy studies in horses, either a 50 or 100 μg dose of the same sourced HeV-sG which was used in all the animal challenge studies described earlier. Two additional studies used 100 μg HeV-sG produced from clarified CHO cell culture supernatant ( Zoetis, Inc.) that was then gamma irradiated. Immunizations were two 1-mL doses administered intramuscularly 3 weeks apart. Horses in the efficacy studies were exposed oronasally to 2 × 10^6^ TCID~50~ of HeV. Seven horses were challenged 28 days, and three horses were challenged 194 days, after the second vaccination. All vaccinated horses remained clinically healthy after challenge showing protection with HeV neutralizing titers as low as 1:16 or 1:32 pre-challenge. At study completion, there was no gross or histologic evidence of HeV infection in vaccinated horses; all tissues examined were negative for viral antigen by immunohistochemistry; and viral genome was not recovered from any tissue, including nasal turbinates, pharynx, and guttural pouch. In nine of ten vaccinated horses, viral RNA was not detected in daily nasal, oral, or rectal swab specimens or from blood, urine, or feces samples collected before euthanasia, and no recoverable virus was present. Only in one of three horses challenged at 6 months after vaccination, low viral gene copy numbers were detected in nasal swab samples collected on post-challenge days 2, 4 and 7, a finding consistent with self-limiting local replication, but no recoverable virus was present (Middleton et al. [@CR115]). The horse vaccine against HeV (Equivac^®^ HeV) is the first commercially deployed vaccine developed against a BSL-4 agent and is the only licensed treatment for henipavirus infection. To date, more than 430,000 doses of Equivac^®^ HeV vaccine have been administered to horses (Zoetis, Inc.).

Summary and Future Directions {#Sec25}
=============================

HeV and NiV are the first and only examples of zoonotic paramyxoviruses that can infect and cause lethal disease across a broad range of mammalian species including humans and there are currently no approved treatment modalities for people. Because of the potential environmental accessibility of HeV and NiV and their highly pathogenic characteristics, the development of effective countermeasures against these biothreats has been a major research focus over the past decade. Much of this research has focused on the virus binding and entry processes, including the processing, maturation and function of the envelope glycoproteins and the attachment to host cellular receptors and the membrane fusion process. These efforts have led to the development and testing of potential vaccine candidates and antiviral therapeutics. In 2010, the m102.4 mAb producing cell line was provided to the Queensland Government, Queensland Health, Australia to produce the m102.4 mAb for emergency use on a compassionate basis in future cases of high-risk human HeV exposure. Queensland Health Authorities have completed in May, 2016, the first phase 1 clinical safety trial of m102.4 in human subjects (Queensland [@CR152]). To date, 11 individuals exposed to either HeV in Australia (10 people) or NiV in the United States (1 person) have been given high-dose m102.4 therapy under emergency use protocols, and all have remained well with no associated adverse events. In addition, the vaccine against HeV (Equivac^®^ HeV) is vaccine for horses that is also expected to provide a substantial health benefit to humans, and has fit well within the spirit of a "One Health" approach for the human and animal interface and also in respect to environmental health. Studies on NiV and HeV have also provided important model systems to examine how pathogenic viruses interact with their natural reservoir hosts and also with animals susceptible to disease, providing insight into the dynamics of virus infection and maintenance in an animal reservoir; model systems to develop a variety of intervention strategies; details on how neurotropic viruses gain access to CNS and cause disease; and will serve as tools to examine and evaluate potential therapies for virus-mediated CNS disease.
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